I In nt tr ro od du uc ct ti io on n. . Tachycardia-induced atrial remodelling (as an equivalent to atrial fibrillation) can be influenced by the renin-angiotensin system. Effects of a seven-day enalapril pre-treatment (EPT, 0.16 mg/kg body weight subcutaneously every 24 h) on ionic currents underlying tachycardia-induced early electrical remodelling after 24 h rapid atrial pacing (RAP, 600 beats/min) in rabbit atrium were studied. M Ma at te er ri ia al ls s a an nd d m me et th ho od ds s. . Animals were divided into four groups (n=4 each): control; paced only; enalapril only; and enalapril and paced, respectively. Using patch-clamp technique in whole-cell mode, current densities were measured in isolated atrial myocytes. R Re es su ul lt ts s. . EPT nearly doubled L-type calcium current (ICa,L, −7.7±0.6 pA/pF [control] vs.
Introduction
Atrial fibrillation (AF) leads to atrial remodelling including electrophysiological, mechanical and structural alterations. 1, 2 The in vivo electrophysiological changes and mechanisms underlying electrical remodelling on the cellular level in long-lasting AF are well studied in several animal models and in humans. [2] [3] [4] [5] [6] As a summary, progressive shortening, decreased rate-adaptation and increased heterogeneity of atrial effective refractory period (AERP) were observed in AF. 1, 7, 8 Many of these in vivo observations can be explained by the influence of AF on atrial ion channels, respectively its regulation. First, and probably most important, a reduced amplitude of the L-type calcium current (ICa,L) amplitude can be observed. [9] [10] [11] [12] However, there is uncertainty whether reduction of ICa,L is solely the result of a reduction of the ion channels in the cell membrane ('transcriptional downregulation'), or whether altered channel regulation is another, perhaps additional mechanism for this observation. 4, [13] [14] [15] Secondly, a significant reduction of the transient outward potassium current (Ito) was seen in humans and in experimental models of AF. 9, 16 We have recently demonstrated in a rabbit model of tachycardia-induced atrial electric remodelling that the reduction of ICa,L and Ito begins within a few hours of rapid atrial pacing (RAP). 17 During the last years, the renin-angiotensin system (RAS) and its role in AF pathophysiology have been the focus of many groups pointing to a beneficial effect of angiotensin-converting enzyme (ACE) inhibitors (ACE-I) and angiotensin II (Ang II) type 1 receptor (AT 1 -receptor) blockers (ARB) in the treatment of AF. Most probably, positive effect on AF-induced structural remodelling, respectively, left-atrial pressure and wallstress, 18 are mainly responsible for the benefit of ACE-Is and ARBs in AF treatment. However, there is evidence of a direct 'anti-arrhythmic' effect of these substances in terms of a direct modulation of ion channel function, which seems to be of major importance especially in the early phases after the onset of AF. [19] [20] [21] We therefore studied effects of an enalapril pretreatment (EPT) on early atrial remodelling induced by short-time (24 h) RAP on ionic currents in a rabbit model.
Methods

Instrumentation of animals and rapid atrial pacing
All animal care procedures were in accordance with the institutional guidelines of the University of Tübingen and the investigation conformed to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health. Animals were instrumented as previously described in detail. 17 Adult female New Zealand white rabbits (weight 3.5 to 4.5 kg) were anaesthetised with ketamine 75 mg/kg and xylazine 5.8 mg/kg with additional doses applied as needed. Using sterile techniques, a bipolar custom-made electrode was implanted via the left jugular vein and advanced to the right atrium under fluoroscopic guidance. A second electrode was inserted via the right jugular vein into the coronary sinus to obtain bipolar left atrial electrograms. After seven days, the right atrium electrode was connected to a modified bipolar pacemaker (Biotronik, Logos, Berlin, Germany) and pacing was performed with 600 bpm for 24 h. The control group was instrumented identically, but pacing was not performed.
For removal of the heart, animals were anaesthetised. In each animal, an electrocardiogram was obtained to confirm atrial capture. Hearts were quickly excised and mounted on a Langendorff set-up. Single myocytes for patchclamp techniques were isolated from left atrium as described previously. 17
Study groups
Rabbits were randomly divided into four groups of four animals each. Animals in the control group received atrial pacemaker leads, but no atrial stimulation was applied. After successful lead implantation, RAP for 24 h was applied in the 'paced only' group. The 'enalapril only' group was treated like the control group, but with additional EPT (0.16 mg/kg 22, 23 body weight enalapril dissolved in isotonic NaCl subcutaneously every 24 h for seven days). Finally, the 'enalapril and paced' group was treated like the paced only group, but with additional enalapril medication (dosage like enalapril only).
Cell isolation and solutions
Myocytes were isolated by enzymatic dissociation as previously described. 17 Bath solution contained (in mmol/L) NaCl 136, KCl 5.4, CaCl 2 2.0, MgCl 2 1.0, NaH 2 PO 4 0.33, HEPES 4 and glucose 10 to record Ito and IK1; cholineCl 136, CsCl 5.6, CaCl 2 2.0, MgCl 2 1.0, NaH 2 PO 4 0.33, HEPES 5 and glucose 10 to record ICa,L. Pipette solutions contained KCl 20, Kaspartate 110, MgCl 2 1.0, HEPES 10, EGTA 5, Mg 2 ATP 5, GTP 0.1 and phosphocreatine 5 to record Ito and IK1; CsCl 20, Cs-aspartate 110, HEPES 10, EGTA 5, MgCl 2 1.0, Mg 2 ATP 5, GTP 0.1 and phosphocreatine 5 to record ICa,L. Bath temperature was 36±1 °C. To record Ito and IK1, ICa,L and IK,r were blocked with 1 µmol/L nisoldipine (Sigma, Deisenhofen, Germany) and 1 µmol/L dofetilide (Pfizer, Karlsruhe, Germany), respectively.
Voltage-clamp techniques
Currents were recorded using the whole-cell configuration of the patch-clamp technique. Pipettes with resistances between 2 and 5 MΩ, when filled with pipette solution, were connected to a patch-clamp amplifier (Axopatch 200B, Axon Instruments, Forster City, USA). Recordings for current densities were started 5 min after cell membrane rupture. Current amplitudes were normalised to the cell capacitance in each cell to obtain current densities.
Data analysis
Data are expressed as mean±SEM. Statistical comparison between groups was performed by two-way analysis of variance. A two-tailed p value < 0.05 was considered statistically significant. Comparisons among multiple groups were performed with a Bonferroni corrected t-test for pair wise group comparison.
Results
L-Type calcium current
Effects of pacing and of EPT on ICa,L are illustrated in figure 1. Panel A shows representative recordings of ICa,L in the different experimental groups, the IV relations of the currents are given in panel B. EPT was associated with a significant increase in current densities. For example, at a test potential of +10 mV, densities averaged −7.7±0.6 pA/pF in control group (n=17) vs. −12.3±1.2 pA/pF in the enalapril only group (p<0.001, n=24). Pacing reduced current densities to -3.6±0.5 pA/pF (p<0.001, n=13) in animals without EPT. Also after EPT, RAP led to a significant downregulation of ICa,L (−7.5±1. 3 
Discussion
AF-induced activation of the RAS as an important part of the AF pathophysiology can be considered as a fact. At patients with persistent AF undergoing electrical cardioversion, a decrease of serum aldosterone can be observed after restora-tion of sinus rhythm. 24 Goette et al. 25 reported a three-fold increased activity of ACE in left atrial appendages of patients with persistent AF in comparison to patients with sinus rhythm.
As mentioned earlier, there is evidence for a beneficial effect of ACE-Is respectively ARBs in treatment of AF. Three mechanisms have been discussed for this effect: 1) improved LV-haemodynamics and In the early phases after the onset, mainly electrical remodelling is of importance, whereas contractile and structural remodelling appear later in the time course of AF-induced atrial remodelling 2, 27 and, therefore, are of minor importance in our experiments. As a consequence, complex effects of the RAS on structural remodelling shall not be discussed further in this publication.
Angiotensin II-related electrical alterations
Ang II may favour the genesis of arrhythmias through an increase of intracellular calcium concentration that results from an increased calcium influx via L-type calcium channels and an increased availability of calcium contained in the sarcoplasmatic reticulum. 28 That Ang II could be directly involved in atrial electrical remodelling due to RAP has been shown by Nakashima et al. 19 Using a tachypacing dog model, the authors measured pacing-induced alterations of AERP in sham-, Ang II-, ACE-I-respectively ARB-treated animals. While no difference of AERP between control and Ang II group could be observed, ACE-I-and ARBtreatment resulted in a complete inhibition of the shortening of AERP normally induced by atrial tachypacing as an equivalent to AF.
Ang II effect on atrial electrical remodelling seems to be of special importance in the shortterm after AF onset as on the long run, as AF evolves to chronicity, AERP-shortening seems to be independent of Ang II action. 20 Shinagawa et al. 29 also showed that ACE-I treatment had no protective effect against AERP reduction, abolition of rate-adaptation and increased atrial vulnerability in dogs which underwent atrial tachypacing for one week.
As a conclusion, according to these in vivo data, mainly in the early phases after the onset of AF an effect of ACE inhibition on cellular electrical level could be expected, in accordance with our recent work.
L-Type calcium channel
Perpetuation of the arrhythmia in long-term AF is mediated by various changes in many regulatory and structural processes. In clinical and experimental AF, decreased amplitude of ICa,L resulting in a reduction of action potential duration can be observed. 9, 11, 12, 30 Comparable changes were observed by our group after short-term RAP (24 h) in the rabbit model. 17 As in our model the expression of the pore-forming α1c subunit is reduced after RAP in combination with a significant increase of proteinphosphatases (balanced activity between phosphorylating protein kinases and dephosphorylating proteinphosphates is responsible for the actual amplitude of basal ICa,L 13 ), combination of transcriptional down-regulation of ICa,L and tachycardia-induced alterations in channel regulation as a mechanism for decreased amplitude of ICa,L is most likely in our model. In our recent experiments, RAP resulted in a significant down-regulation of ICa,L, no matter whether the animals received EPT or not. However, an almost doubled ICa,L could be observed after EPT in comparison to control animals. Effects of Ang II on the cardiac L-type calcium channel are still controversial; an increase in ICa,L, [31] [32] [33] [34] [35] decrease 36 and even no effect 37, 38 have been reported. There is evidence that Ang II affects ionic exchange in a way tending to a calcium overload of myocytes by increasing calcium release from the endoplasmatic reticulum through activation of the IP 3 pathway as well as by increasing extracellular calcium intake via L-type calcium channels. 39 Furthermore, it was described that Ang II increases ICa,L through PKC-dependent pathways. 40 In our experiments, treatment with ACE-I (with consequent lowered Ang II) conversely resulted in an increased ICa,L current amplitude. However, Ang II is only a part of a complex system of activators, inhibitors and mediators which regulate actual ICa,L. Therefore, one cannot exclude that ACE inhibition also results in changes of other, counter-regulatory Ang II-independent L-type calcium channel regulation mechanisms which 'overwhelm' the effects of lowered Ang II induced by ACE inhibition. Further experiments using ARBs to examine this hypothesis are planned. Finally, our observation that tachypacing-induced reduction of ICa,L -on the one hand -cannot be prevented by EPT, but -on the other hand -starts on a much higher 'take-off' level (almost doubled ICa,L after EPT compared to control, but similar values of ICa,L after EPT and consecutive RAP compared to control) might be a possible explanation that the initially beneficial effects of ACE-Is on in vivo parameters after short time (< three days) 19 RAP get lost at after longer pacing times (=further downregulation of ICa,L). 29
Transient outward potassium current
In tachypaced animals as well as in patients with chronic AF, a reduction of Ito can be observed. 9, 41, 42 Multiple reports suggest a transcriptional down-regulation of channel-forming proteins as a mechanism which is at least jointly responsible for this observation. 9, 42, 43 Consistently, RAP in rabbit leads to a decreased Ito current amplitude. As shown by our group, in rabbit current decline is associated with a decrease in Kv4. 3 mRNA, suggesting transcriptional downregulation as a mechanism underlying reduced Ito. However, current reduction was much more pronounced than the decrease in mRNA expression. 17 Therefore, effects of RAP on other regulatory mechanisms (e.g. modulating β-subunits, 44, 45 phosphatases or kinases or AT 1 -receptor [see below]) are likely. In our experiments, EPT prevented the expected tachypacing-induced downregulation of Ito. AT 1 -receptor forms a complex with Kv4.3 (the pore-forming α-subunit underlying Ito) and regulates its cell-surface expression. 46 Stimulation of AT 1 -receptor with Ang II leads to an internalisation of the complex, resulting in reduced Ito what is, therefore, at the same time a possible explanation for pacing-induced downregulation of Ito and prevention of Ito downregulation after EPT. On the one side, local Ang II concentration is increased after atrial tachypacing 47, 48 what, therefore, might result in a pacing-induced downregulation of Ito no matter if AT 1 -receptor after RAP as an AF-equivalent is down-49 or up-regulated, 47, 48 as absolute AT 1 -receptor expression only affects the degree and not the fact of Ito downregulation in principle. On the other side, ACE inhibition might prevent pacing-induced increase of Ang II and consequently downregulation of Ito. However, further experiments using ARBs are needed to support this hypothesis because -same as the Ltype calcium channel -other Ang II-independent regulatory pathways of Ito activated by ACE inhibition might play a role. As another molecular basis of Ito, Kv4.2 50 shows a stretch-induced downregulation in cultured atrial neonatal myocytes of rats, 51 positive haemodynamic effects of EPT and consequent lowered wall-stress during RAP cannot be excluded as another mechanism for prevention of Ito downregulation by RAP after EPT. Similar to our experiments with verapamil 52 the observation that downregulation of one channel (enalapril: Ito, verapamil: ICa,L) due to RAP can be prevented by medicamental pre-treatment whereas downregulation of the other (enalapril: ICa,L, verapamil: Ito) is not affected, points to different pathways of ICa,L respectively Ito downregulation due to RAP. As the tachypacinginduced downregulation of Ito has complex but relatively small effects on human and canine atrial APD in a mathematical model of an atrial myocyte, 53, 54 the functional importance of the prevention of Ito downregulation by EPT cannot be stated at the moment, but insights from these models also showed that absolute impact of Ito on APD in comparison is much more pronounced in the early phases of AF (more 'sinus rhythm-like' action potential) as in chronic AF ('remodelled' action potential), which is in accordance with the already mentioned potential Ang II independence (or indirectly independence of EPT) of AERP-shortening after longer pacing intervals. 20, 29 Finally, one cannot exclude that the functional importance of the affection of Ito downregulation by EPT is annihilated by effects of enalapril on other repolarising potassium currents; Ang II does increase IK,s in guinea pigs. 55 However, activation of Ito during phase 1 repolarisation pushes the plateau to a potential level below 0 mV. 56 Because of the small and slow activation of IK,s in this potential range, IK,s activation due to Ang II and -as a consequence -affection of IK,s by EPT seems to be of less importance, 57 not only as IK is very small in rabbit atrium. 58
Potential limitations
As only early phases (24 h) of atrial remodelling were examined, other -perhaps oppositionaleffects of EPT after longer pacing intervals are not unlikely. Further experiments with sustained atrial pacing are needed to clarify the effect of enalapril on long-term pathophysiological alterations. As mentioned earlier, further experiments with ARBs have to clarify whether the observed effects of EPT on atrial ion channels are Ang IImediated and not mediated by other, Ang II-independent regulatory pathways. Finally, the rapid pacing model might not represent clinical AF in all aspects. Effects of EPT on many other parameters of electrical remodelling are likely and have to be studied to get a conclusion of the effect of enalapril on the pathophysiology of AF.
Conclusions
In this study, effects of EPT on ion current changes in the very early phases of electrical remodelling were examined in a rabbit model of RAP. In summary, EPT has several effects on ion channels in rabbit atrium: 1) EPT increases ICa,L current density, but cannot prevent its downregulation due to RAP; 2) EPT has no influence on Ito current density, but can prevent its downregulation due to RAP. Although changes of single ion channels must always be interpreted in context of the complex atrial electrophysiology as a whole, our results provide a possible explanation of the in vivo observation that ACE inhibition is mainly beneficial on the very early electrical remodelling after RAP. 
